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This paper reports on the ground state nuclear moments measured in 58–62Cu using collinear laser
spectroscopy at the ISOLDE facility. The quadrupole moments for 58–60Cu have been measured for
the ﬁrst time as Q (58Cu) = −15(3) efm2, Q (59Cu) = −19.3(19) efm2, Q (60Cu) = +11.6(12) efm2 and
with higher precision for 61,62Cu as Q (61Cu) = −21.1(10) efm2, Q (62Cu) = −2.2(4) efm2. The magnetic
moments of 58,59Cu are measured with a higher precision as μ(58Cu) = +0.570(2)μN and μ(59Cu) =
+1.8910(9)μN . The experimental nuclear moments are compared to large-scale shell-model calculations
with the GXPF1 and GXPF1A effective interactions, allowing the softness of the 56Ni core to be studied.
© 2011 Published by Elsevier B.V. Open access under CC BY license.The advent and continued development of radioactive beam
facilities has permitted a revolution in both experimental and the-
oretical nuclear physics through unprecedented access to rare iso-
topes [1]. This has allowed compelling questions related to the
evolution of nuclear shell structure with neutron or proton excess
to be investigated. Regions around doubly magic nuclei present
particularly interesting testing grounds due to the relatively small
model spaces required to calculate the nuclear observables. The
N, Z = 28 magic number is the ﬁrst to arise as a result of the
spin-orbit interaction term in the shell model and hence the region
around the N, Z = 28 doubly magic 56Ni is of considerable interest.
Previous experimental and theoretical work has demonstrated that
the 56Ni core is relatively soft compared to other doubly magic sys-
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doi:10.1016/j.physletb.2011.07.050tems [2–5]. This region has been described as an “active-two-shell”
problem rather than one with an inert 56Ni core [6]. Earlier effec-
tive interactions used in shell-model calculations applied to the
pf -shell such as KB3 [7] and KB3G [8] introduced modiﬁcations
to the monopole part of the microscopic interaction to successfully
describe lighter pf nuclei (A  52) but still failed close to 56Ni.
An alternative method for modifying the microscopic interaction
employs an empirical ﬁt to experimental energy levels to produce
an effective interaction. The GXPF1 interaction deduced for the full
pf -shell [9,10], has proved very successful in describing the prop-
erties of isotopes in the pf -shell, including those of yrast states in
56,57,58Ni [9]. A modiﬁcation to the GXPF1 effective interaction was
made, mainly related to the monopole paring interaction, in order
to reproduce the excitation energy scheme of 56Ti [11]. The modi-
ﬁed interaction, called GXPF1A [12], was aimed at not changing too
much the properties of the other isotopes in the pf -shell. Compar-
ison of different nuclear observables in the neutron deﬁcient Cu
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and allows to further investigate the role of the monopole term
and the inﬂuence of correlations.
This Letter reports on new measurements of the magnetic and
quadrupole moments of 58–62Cu isotopes using the high-resolution
collinear laser spectroscopy method. A comparison is made be-
tween the experimental magnetic and quadrupole moments of the
57–69Cu ground states (from N = 28 to N = 40) with the calcu-
lated values from large scale shell-model calculations based on
the GXPF1 and GXPF1A effective interactions. Magnetic dipole and
electric quadrupole moments are sensitive to the detailed compo-
sition of the nuclear wave function. Both provide critical tests for
the shell-model interaction and model space used. The quadrupole
moment has an increased sensitivity to collectivity in the wave
function and is therefore a key element when studying the rela-
tive softness of the 56Ni core [13].
Collinear laser spectroscopy [14,15] was used to measure the
nuclear moments of the neutron deﬁcient Cu isotopes at the
ISOLDE facility, CERN. A detailed description of the experimental
technique and set-up is presented by Vingerhoets et al. in [16].
The radioactive isotopes were produced through spallation reac-
tions induced by bombarding a ZrO2 ﬁbre target with 1.4 GeV pro-
tons [17]. The RILIS laser ion source was used to resonantly laser
ionize the Cu atoms within the hot cavity ionizer (∼2000 ◦C) [18].
The ions were accelerated through 30 kV and mass separated by
the high-resolution separator (HRS) and injected into an RFQ linear
gas-ﬁlled Paul trap (ISCOOL) [19]. The technique of ion trapping,
when applied to collinear laser spectroscopy, can reduce the de-
tected photon background associated with non-resonant scattered
laser light. The background reduction factor is deﬁned by the ratio
of the bunching time to the bunch width and can reach up to 104
[20]. In this work the ions were trapped in ISCOOL for up to 50 ms
and released as a bunch with a temporal FWHM of ∼3 μs in the
laser interaction region. Typically a ∼ 2 pA beam was injected into
ISCOOL to reach these conditions. The ion bunch was neutralized
in a sodium vapor cell and overlapped collinearly with the laser
beam. A scanning voltage was applied to the charge exchange cell
to Doppler tune the ion beam. During the experiment, a gate of
6 μs was placed on the signal from the two photomultiplier tubes.
The hyperﬁne structure of the 2S1/2–2P3/2 (324.754 nm) transition
in Cu was studied with an external cavity (Spectra-Physics Wave-
train) frequency-doubled continuous wave (CW) dye laser (Coher-
ent 699). The laser was frequency locked to 15409.046 cm−1 using
an external scanning Fabry–Perot Interferometer (FPI), which was
in turn locked to a frequency stabilized HeNe laser. Under such a
locking system the drift in the laser is determined by the stability
of the HeNe laser, which had a drift of no greater than 3 MHz in
an 8 hour period. A wavemeter (Bristol 621) with a speciﬁed accu-
racy of 0.2 parts per million was used to monitor the laser lock.
Analysis of the hyperﬁne spectra used the description of the
energy splitting according to the formulation by Schwartz [21]. The
energy splitting of the hyperﬁne states is summarized by




4 K (K + 1) − I(I + 1) J ( J + 1)
2I(2I − 1) J (2 J − 1) (1)
where K = F (F + 1) − I(I + 1) − J ( J + 1) and the quantum num-
ber F arises from the coupling of I and J where I is the nuclear
spin and J is the total electronic angular momentum. The A and
B factors are related to the nuclear magnetic dipole and electric
quadrupole moment by
A = μB J
hI J
, B = Q sV zz
h
, (2)
where μ is the magnetic dipole moment, Q s is the spectroscopic
quadrupole moment, B J and Vzz are the electron-induced mag-Fig. 1. (Color online.) Hyperﬁne spectrum of the 2 S1/2–2 P3/2 (324.754 nm) in 59Cu
showing the ﬁt as a solid line. The ﬁt to the data minimized χ2 with 147 degrees
of freedom, which resulted in a (normalized) χ2 = 1.4.
Table 1
Summary of the measured ground-state hyperﬁne parameters of the 2 S1/2–2 P3/2
transition in Cu.
Isotope Iπ A(2 S1/2) A(2 P3/2) B(2 P3/2)
(MHz) (MHz) (MHz)
58Cu 1+ +2257(9) +77(3) −20(4)
59Cu 3/2− +4989.6(24) +164.6(9) −25.7(24)
60Cu 2+ +2411.6(10) +78.8(3) +15.4(16)
61Cu 3/2− +5562.9(14) +183.8(4) −28.0(10)
62Cu 1+ −1502.4(14) −48.2(5) −2.9(5)
netic ﬁeld and the electric ﬁeld gradient at the nucleus, respec-
tively. The spectra were ﬁtted to Eq. (1) using the MINUIT rou-
tine [22] and an example for 59Cu is shown in Fig. 1. A summary
of the measured A and B values is given in Table 1. The esti-
mated systematic error of 10−4 is dominated by the uncertainty in
measuring the total accelerating voltage, which includes the uncer-
tainty in the voltage applied to the neutralization cell and ion trap
region in ISCOOL. This error is smaller than the recorded statistical
error. Considering that the best precision of these measurements
is of the order of 5 × 10−4, the small hyperﬁne anomaly (e.g.
6365 = 4.7(2) × 10−5 [23] and 5969 = 12(17) × 10−4 [24]) has
been ignored. This allows the nuclear magnetic dipole and electric
quadrupole moments to be extracted from the A and B factors by
using the ratio with the literature values for stable 65Cu: Aref =
+6284.405(5) MHz, Bref = −25.9(4) MHz, μref = +2.3817(3)μN
and Q ref = −19.5(4) efm2 [25–27]. The nuclear moments deduced
from this analysis are summarized in Table 2 and compared to lit-
erature values where they exist. The magnetic dipole moments for
58,59Cu deviate signiﬁcantly from those previously measured using
in-gas-cell laser spectroscopy [28].
The difference between magnetic moments reported here and
in literature is highlighted for 58Cu in Fig. 2, where the dotted line
represents the hyperﬁne splitting for this transition simulated with
the magnetic moment reported by Cocolios et al. [28], which is
also consistent with the result of Mihara et al. using β-NMR [29].
In addition, the inset plot in Fig. 2 shows the data collected in
that region from 3700 to 4200 MHz. These data were collected for
approximately the same time as the main plot, but with a bunch-
ing time of 200 ms instead of 50 ms, and hence the improved
background suppression. With these data it is possible to exclude
hyperﬁne resonances in this region. Note that the resolution in the
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Summary of the measured ground-state nuclear moments. The previous values quoted from Ref. [16] represent preliminary measurements and have not been used to further
improve the precision of the new measurements reported here.
Isotope Iπ μexp(μN ) μlit(μN ) Ref. Q exp (efm2) Q lit (efm2) Ref.
58Cu 1+ +0.570(2) +0.479(13) [28] −15(3)
+0.46(3) [29]
+0.52(8) [30]
59Cu 3/2− +1.8910(9) +1.910(4) [28] −19.3(19)
+1.84(3) [30]
+1.891(9) [31]
60Cu 2+ +1.2186(5) +1.219(3) [25] +11.6(12)
61Cu 3/2− +2.1083(5) +2.1089(11) [16] −21.1(10) −21(2) [16]
+2.14(4) [25]
62Cu 1+ −0.3796(4) −0.3809(12) [16] −2.2(4) 0(2) [16]
−0.380(4) [25]Fig. 2. (Color online.) Hyperﬁne spectrum of 2 S1/2–2 P3/2 transition in 58Cu show-
ing the ﬁt (with transition intensities as free parameters) as a solid line. The dashed
line corresponds to a simulated hyperﬁne spectrum using the magnetic moment re-
ported by Cocolios et al. [28]. The intensity of the simulated spectrum has been
ﬁxed to match the most intense peak (F = 3/2 → F = 5/2) in the measured spec-
trum, all other peaks use angular momentum coupling considerations relative to
this transition. The insert shows the data collected in the range 3750–4200 MHz,
excluding a hyperﬁne resonance in this region.
collinear method is better than 100 MHz, whereas it is only 2 GHz
with the gas-cell technique.
The moments of the more neutron-rich 61Cu–75Cu isotopes
were previously compared to large scale shell model calculations
using the jj44b [32] and JUN45 [33] effective interactions, which
operate in the f5/2, p1/2,3/2, g9/2 ( f 5pg9) model space, starting
from an inert 56Ni core [16,34,35]. Both calculations successfully
describe the migration of the π f5/2 state as the νg9/2 orbital is
ﬁlled [34] and give a reasonable agreement for the nuclear mag-
netic and quadrupole moments in the Cu and Ga isotopes over the
full neutron range [34–37]. However, because N, Z = 28 is con-
sidered to be a closed shell in these calculations, the agreement
deteriorates signiﬁcantly towards 57Cu [16]. Recently a new effec-
tive interaction has been published for this mass region, starting
from a 48Ca core (still excluding neutron excitations across N = 28,
but including proton excitations across Z = 28) [38]. It would be
interesting to compare the previous and new data to these calcu-
lations to provide further information on the N = 28 shell gap.
In this Letter, the experimental results are compared to shell-
model calculations using the GXPF1 [6,9] effective interaction and
its modiﬁcation GXPF1A [12]. The GXPF1 effective interaction con-
siders the full pf shell as a model space, with 40Ca as a core.
The GXPF1 interaction can be speciﬁed uniquely in terms of four
single-particle energies of the f7/2, p3/2, f5/2 and p1/2 orbits andFig. 3. (Color online.) The odd–even quadrupole moments reveal that the 56Ni core
is even softer than predicted by the theoretical calculations. The open circle for
57Cu corresponds to the single-particle quadrupole moment calculated with a 56Ni
core. The effective charges used in these calculations were ep = 1.5e, en = 0.5e.
Experimental values for 67,69Cu were taken from [16].
Fig. 4. (Color online.) The experimental odd–even g-factors (solid circles) are com-
pared with calculations for the GXPF1 (open squares) and GXPF1A (open diamonds)
interactions. The experimental data point at 57Cu is taken from [40] and the data
for 67,69Cu were taken from [16].
195 two-body matrix elements (TBME) [9]. Starting values for the
TBME were taken from the realistic G-matrix interaction based on
the Bonn-C potential [39]. Selected 70 linear combinations of the
single-particle energies (SPE) and TBME were ﬁtted to 699 binding
P. Vingerhoets et al. / Physics Letters B 703 (2011) 34–39 37Fig. 5. (Color online.) The experimental and calculated low-lying energy levels (in keV) for the neutron-deﬁcient odd–even and odd–odd Cu isotopes [41]. The ground state
of the odd–odd isotopes is not always correctly identiﬁed by either the GXPF1A or GXPF1 interactions. The states used in the g-factor plot are indicated with a dashed line.and excitation energies in the region, from 47Ca up to 65Ge, includ-
ing 58–63Cu. The ﬁtting procedure is outlined in [10]. The GXPF1
interaction was tested extensively and proved to be very successful
in the description of a variety of parameters such as binding ener-
gies, magnetic moments, quadrupole moments, 2+ excitation ener-
gies and transition strengths [6]. Some discrepancy in the binding
energies for nuclei with Z  32 and N  35 indicated its limita-
tions towards the end of the pf shell. An increase in the E(2+)
excitation energies for Ca, Ti and Cr isotopes at N = 32 was cor-
rectly predicted by the GXPF1 interaction. However, for Ca and Ti,
GXPF1 predicts another increase at N = 34. This was found to be
in discrepancy with experiment for the case of 56Ti [11] and there-
fore, a modiﬁcation to the GXPF1 interaction was presented [12].
Modiﬁcations in the T = 1 two-body matrix elements were made,
mainly related to the monopole pairing interaction. The pair scat-
tering among the p1/2 and the f5/2 orbits has been reduced. Fur-
thermore, the effective single-particle energy (ESPE) of the π p1/2
orbit is modiﬁed for isotopes with N > 32, leading to a reduction
of the gap between the p1/2 and the f5/2 orbits at N = 34 by 0.5
MeV [12]. Finally, in the GXPF1A interaction the strength of the
quadrupole–quadrupole interaction between the p1/2 and f5/2 is
increased. This was done in analogy with several nuclei outside a
56Ni core, where an enhanced quadrupole–quadrupole interaction
compared to the original G-matrix interaction led to a success-
ful description of 2+ states [6]. Note that for both interactions the
ESPE of the π2p1/2 orbit is lower than that of the π1 f5/2 orbit forthe elements Ca, Ti, and Cr over the full neutron range. In the Cu
isotope chain however, this order is reversed in the isotopes below
N = 32, but the p1/2 remains below f5/2 in the isotopes around
N = 32–34. The reduction of this energy gap in the ESPE will have
a signiﬁcant inﬂuence on the composition of the Cu wave func-
tions, as will be illustrated further.
In Fig. 3 the quadrupole moments are compared with predic-
tions by the GXPF1 and GXPF1A interactions. The standard ef-
fective charges as adopted in [6] have been used. The calculated
quadrupole moment of 57Cu, assuming a rigid 56Ni core (open
circle in Fig. 3) is signiﬁcantly smaller than the values based
on a 40Ca core, illustrating the effect of core excitations on the
quadrupole moments of odd–even Cu isotopes. Even including such
excitations, the calculated core polarization for 59,61Cu is still less
than experimentally observed, suggesting that excitations across
N, Z = 28 are even more important than presently assumed with
GXPF1.
Although several TBME were changed between the GXPF1 and
GXPF1A interactions, the predicted quadrupole moments are very
similar. This is because changes in proton and neutron contribu-
tion to the quadrupole moment cancel each other. The proton
quadrupole moment is dominated by the negative single-particle
quadrupole moment of the p3/2 orbit. As this single-particle com-
ponent is reduced in the wave functions calculated with the
GXPF1A interaction, the proton quadrupole moment is decreased.
However, in GXPF1A the pairing interaction for the p1/2–p1/2 and
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pressing formation of 0+ pairs in these orbits. In addition, the
quadrupole–quadrupole interaction for these orbits is made more
attractive [12], which should promote the formation of broken-
pair particle-hole components in the wave function. Such collective
quadrupole correlation can enhance the neutron collectivity and
thus the neutron component of the quadrupole moment.
The g-factors of the odd–even Cu isotopes are given in Fig. 4.
The agreement with experiment is very good for the GXPF1 inter-
action. The discrepancy at 69Cu is due to excitations across N = 40
which are not included in the model space. The GXPF1A interac-
tion however, underestimates the g-factor trend at 63–67Cu. That is
because the collectivity of the neutron νp1/2 and ν f5/2 orbits is
enhanced for GXPF1A. This reduces the positive neutron single-
particle contribution from N = 34 onwards, which brings these
magnetic moments closer to the (smaller) values of the 2+ state
in the even–even Ni core. This is seen in Fig. 4, where the g-factor
is less positive than the GXPF1 value from 63Cu onwards, where
the νp1/2 and ν f5/2 orbits start to get ﬁlled.
In Fig. 5 the energy levels for the odd–even isotopes are shown.
The energy levels predicted by the GXPF1A interaction are consis-
tently lower than the GXPF1 levels. This is in line with the reduc-
tion of the pairing strength within the f7/2 orbit for the GXPF1A
interaction. Pair scattering into the p3/2 orbit is enhanced, mak-
ing it more favorable for the single proton to excite to the f5/2 or
the p1/2 orbit than with an inert 56Ni core. The combination of
the g-factor trend with the energy levels for the odd–even iso-
topes clearly indicates that a change in TBME can be made to
achieve better description of experimental data, but the agreement
with experiment is not necessarily true for every parameter. In this
case, the excitation energies of the 5/2− and the 1/2− states are
better described by the GXPF1A interaction, however the g-factor
trend clearly shows that there is still a structural problem with
the modiﬁcation of the TBME. This illustrates the sensitivity of the
magnetic moments to the detailed composition of the wave func-
tion.
The g-factors of the odd–odd Cu isotopes are given in Fig. 6. All
values are very well reproduced by the GXPF1 interaction, except
for 64Cu which deviates a little. That is due to a conﬁguration mix-
ing with another low-lying 1+ state that is not fully accounted for
in the calculation. For the GXPF1A interaction, this mixing is also
not correctly taken into account for 66Cu.
The odd–odd isotopes levels and their excitation energies are
shown in Fig. 5. The calculated ordering of states with either the
GXPF1 or GXPF1A interactions, does not always correctly identify
the ground state. The state which is used in the g-factor plot is
indicated with a dashed line. As in the case of the odd–even Cu
isotopes, it can be seen that the GXPF1A reproduces better the ex-
perimental energy levels, but the g-factor trend reveals that the
composition of the wave function of the ground state is not cor-
rect. The combination of magnetic moments and energy levels
again provides different viewpoints to evaluate large-scale shell-
model calculations.
Finally, the odd–odd neutron-deﬁcient quadrupole moments are
given in Fig. 7. Again the GXPF1 interaction reproduces most val-
ues extremely well, but for 64,66Cu there is some discrepancy. The
modiﬁcations made in the GXPF1A interaction do not strongly af-
fect the 58,60,68Cu quadrupole moments, but lead to a better agree-
ment with experiment for 66Cu and worse agreement for 64Cu. In
the case of 64Cu this also leads to a reversal in the sign of the
quadrupole moment.
In conclusion, collinear laser spectroscopy with bunched atomic
beams has been used to study the neutron deﬁcient Cu isotopes.
This work has measured the quadrupole moments down to 58Cu
and higher precision measurements in 61,62Cu. The high resolutionFig. 6. (Color online.) The g-factors for the neutron-deﬁcient odd–odd Cu iso-
topes. The difference between GXPF1A calculations and the experimental g-factors
for 64,66Cu arises due to mixing between the ground state and a low-lying 1+
state, which is not fully accounted for by theory. The experimental data points for
64,66,68Cu were taken from [16]. The value measured using the in-gas cell laser spec-
troscopy technique (IGC) was taken from Cocolios et al. [28].
Fig. 7. (Color online.) The odd–odd Cu quadrupole moments compared with theory.
The deviation for the GXPF1A interaction is due to mixing of 1+ states, which is not
fully accounted for by theory. The effective charges used in these calculations were
ep = 1.5e, en = 0.5e. The experimental data points for 64,66,68Cu were taken from
[16].
afforded by the collinear technique has permitted the magnetic
moments of 58,59Cu to be remeasured with higher precision (>∼ 4
times) and accuracy, demonstrating a considerable deviation from
previous in-source and β-NMR measurements.
The measured moments have been compared to the shell-
model results with GXPF1 and GXPF1A effective interactions. The
deviation of the experimental quadrupole moments from the shell-
model predictions is an indicator of increased core polarization
and evidence that the 56Ni core is even softer than previously
thought. Ideally a precise measurement of the quadrupole moment
of 57Cu would help resolve questions related to the 56Ni core and
associated core polarization effects. The measured moments illus-
trate that the improved description of the energy levels with the
GXPF1A interaction does not necessarily lead to better shell-model
wave functions in comparison to those with the original GXPF1
interaction. Further theoretical investigation is needed for a com-
prehensive description.
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